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Abstract. Many intrusions amplify rights or circumvent defenses by issuing sys-
tem calls in ways that the original process did not. Defense against these attacks
emphasizes preventing attacking code from being introduced to the system and
detecting or preventing execution of the injected code. Another approach, where
this paper ts in, is to assume that both injection and execution have occurred,
and to detect and prevent the executing code from subverting the target system.
We propose a method using waypoints: marks along the normal execution path
that a process must follow to successfully access operating system services. Way-
points actively log trustworthy context information as the program executes, al-
lowing our anomaly monitor to both monitor control ow and restrict system call
permissions to conform to the legitimate needs of application functions. We de-
scribe our design and implementation of waypoints and present results showing
that waypoint-based anomaly monitors can detect a subset of mimicry attacks and
impossible paths.
Keywords: anomaly detection, context sensitive, waypoint, control ow monitoring, mimicry
attacks, impossible paths
1 Introduction
Common remote attacks on computer systems have exploited implementation errors to
inject code into runningprocesses. Buffer overow attacks are the best-known example
of this type of attacks. For years, people have been working on preventing, detecting,
andtoleratingtheseattacks [113].Despitethese efforts,currentsystems arenotsecure.
Attackersfrequentlyndnewvulnerabilitiesandquicklydevelopadaptivemethodsthat
circumvent security mechanisms.
Host-based defense can take place at one of three stages: preventing code injection,
preventing execution of the injected code, and detecting the attack after the injected
code has begun execution. One class of detection mechanisms, execution-monitoring
anomalydetection,comparesastreamofobservableeventsintheexecutionofarunning
process to a prole of known-goodbehavior, and raises alerts on deviations from the
prole. While it is possible to treat each instruction executed by the process as an event
￿
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function calls [5,18] as the granularity for events.
We focus our efforts on detecting attempts to subvert the system through the kernel
API (the system call interface), assuming the attacking code has started to run. We
monitorrequests forsystem services(i.e.,system calls) of runningprocesses, anddetect
anomalous requests that could not occur as a result of executing the code in the original
binary program image.
Two major problems that system-call based anomaly detection faces are mimicry
attacks [12,19] and impossible paths [12]. A mimicry attack interleaves the real attack-
ing code with innocuous code, thereby impersonating a legitimate sequence of actions.
For example, if the legitimate code has the system call sequence
getuid() ... open() ... execve()
and the attack has the sequence
getuid() ... execve()
the attacker can add a no-op system call to match the legitimate attack sequence:
getuid() ... open("/dev/null"...) ... execve().
Wefurtherdividemimicryattacksintoglobalmimicryattacks andlocalmimicryattacks.
Consideringtheminimumset ofsystemcalls necessaryforthefunctionalityofanappli-
cation function, the system call sequence in a global mimicry attack combines the legal
system calls of multiple functions, while a local mimicry attack uses the legal system
calls of only the running function.
Animpossiblepathis a controlpath(withasequenceofsystemcalls) thatwill never
be executed by the legal program, but is a legal path on the control ow graph of the
program. Impossible paths can be generated due to the nature of the non-deterministic
nite state automata (NDFSA). For example, when both location A and B can call func-
tion f(), function f() can return to either location A or B. The call graph for the
program allows a return-into-others impossible path wherein location A calls function
f(), but the return goes to location B, which behavior appears legal in the control ow
graph. This example attack is similar to a return-into-lib(c) attack in that both of them
modify the legal control path at the function return points.
This paper introduces our use of waypoints1 for assisting anomaly monitoring.
Waypoints are kernel-supported trustworthy markers on the execution path that the
process must follow when making system calls. In this paper, we use function-level
scoping as the context of a waypoint. If function C calls function D, then the active con-
text is that of D; upon function return, the active context is again that of C. Waypoints
provide control ow context for security checking, which supports call ow checking
approaches such as that in Feng, et al. [5] and allows us to check whether the process
being monitored has permission to make the requested system call in the context of the
current waypoint.
The work presented in this paper makes the following contributions:
1 This terminology is borrowed from route planning using a GPS system, while the term is as
old as navigation systems, meaning a specic location saved in the receiver's memory that is
used along a planned route.1. Kernel-supported waypoints provide ne-grained trustworthy context information
for on-line monitoring. Using this information, we can restrict a process to access
only those system calls that appeared in the original program fragment associated
with the waypoint context.
Waypoints can change the granularity of intrusion detection systems that monitor
system call sequences. The more waypoints we set between two system calls, the
more precise control of that program path we can provide to the detector.
2. Using the context information, our anomaly monitor can detect global mimicry
attacks that use permissions (i.e. allowed system calls) across multiple functions.
Any system service request falling out of the permission set of the current context
is abnormal.
3. Our anomaly monitor can detect return-into-others impossible paths attacks. We
use waypoints to monitor the function call ow and to guarantee that callees return
to the right locations.
In the next section, we describe our model of attacks in detail. Section 3 describes
our design and implementation of waypoints and the waypoint-based system call mon-
itor. In section 4 we present performance measurements of our approach. Section 5
summarizes related work. Section 6 discusses the limitations and our future work and
gives our conclusions.
2 Attack Models
Once the exploit code has a chance to run, it can access the system interface in the
following three ways, which we present in order of increasing code granularity:
1. Jumping to a system call instruction, or a series of such instructions, within the
injected code itself. Many remote attacks use shellcodea piece of binary code
that executes a command shell for attackers [20]. Most shellcode issues system
requests directly through pre-compiled binary code. In this case, the attacker relies
on knowing the system call numbers and parameters at the time he compiles the
attack code, which, in the presence of a near monoculture in system architecture
and standardized operating systems, is a reasonable assumption. The control path
in this case is fully under the control of the attacker, as he controls the location of
the sensitive system call at the time of the code injection.
2. Transferringcontrolto legitimate codeelsewhere in the process; the targetcode can
be at any linkon the pathto the system call instruction.Theattackingcodeachieves
its goal by executing from the target instruction forward to the desired system call.
The attack can be achieved either by creating fake parameters and then jumping
to a legitimate system call instruction, (e.g., making it appear that the argument to
an existing execve() call was "/bin/sh"), or by jumping to a point on the
path leading to an actual call (e.g. execve("/bin/sh")) in the original pro-
gram. Locations used in the latter attack include a system call wrapper function in
a system library such as libc, an entry in the procedure linkage table (PLT) using
the address in the corresponding global offset table (GOT), or an instruction in an
application function that leads to calling the above entries. This is the general formof the return-into-lib(c)attack [21], in which the corruptedreturnaddress
on the stack forces a control transfer to a system call wrapper in the libc library.
For the remainder of this paper we will refer to this type of attack as an low-level
control transfer (LCT) attack. In contrast to defending against the shellcode attack,
it is of paramountimportanceto protect the control path when defendingagainst an
LCT attack.
3. Calling an existing application function that performs the system call(s) that the at-
tacking code requires.While this is a form of controltransfer attack, we distinguish
it from the LCT because the granularity of the attack is at the application function
level, not at the level of the individual instruction or system call. In this case, the
control path is the sequence of application-levelfunction invocations leading to the
function that contains the attacking call.
Mimicry attacks can be achieved by directly jumping to injected code that mimics a
legal sequenceof system calls or calling a sequence of lib(c) functions,which fall in the
above category 1 and 2 attacks. Attackers can also use category 3 attacks (i.e. calling
existing application functions), but this is easier to detect than the category 1 and 2
attacks by using call ow monitoringtechniques. Attackers can also exploreimpossible
paths to elude detection by using the above three categories attacking techniques.
While function call ow monitoring can reduce attacks in category 3, and non-
executable data sections can block attacks in category 1, attacks using category 2 tech-
niquesare more difcultto detect because theyuse legitimate codeto achievemalicious
purposes. An important characteristic that attackers use is that the default protection
model permits programs to invoke any system call from any function, but in actuality
each system call is only invoked from a few locations in the legal code. While some
previous work has exploited the idea of binding system calls or other security sensitive
events with context [5,18,2224], this paper explores this approach further. We intro-
duce the concept of waypoints to provide trustworthy control ow information, and
show how to apply the information in anomaly detection.
3 Waypoint-based System Call Access Control
We observe that an application functiona function in an application program, not a
library functionin general uses only a small subset of system service routines2, but
has the power to invoke any system call under the default Unix protection model. This
practiceviolatestheprincipleofleast privilege,whichrestricts afunctiontoonlyinvoke
systems calls that are necessary for its proper execution. For example, execve() is
not used by many legitimate functions, especially in setuid root regions, but it is com-
mon for exploit code to invoke that system call within the scope (or equivalently, the
stack frame)of any vulnerablefunction.Waypoints providea mechanismfor restricting
program access to system calls and enforces least privilege.
2 For example, in table 1 and 2 of section 3.3, only 3 out of 416 application functions being
monitored require execve() legally.3.1 Waypoint Design
A waypoint, located in the code section, is a trustworthy checkpoint on control ow.
Waypoints can actively report control ow information in real-time to assist intrusion
detection, rather than gathering the information only at system call time. People can
assign security attributes to each waypoint or to a sequence of waypoints.
To achieve our goals, waypoints must embody the following properties:
1. Authentication
Because we assume that an attack has successfully started executing,and the attack
has the right to access the whole process image, it is possible that the attacking
code can overwrite code pointers. Although the code section is usually read-only,
dynamically-generated code will be located in memory with both read and write
permissions.Thismeansthatattackershavetheabilitytogeneratewaypointswithin
their own code, and we must therefore authenticate waypoints.
We authenticate the waypoints by their locations. Waypoints are deployed before
the process runs, such that the waypoint locations are registered at programloading
time. In this way, we can catch false waypoints generated at run time.
2. Integrity
Because attackers can access the whole process image, information generated at
and describing waypoints (e.g., their privileges) should be kept away from mali-
cious access. We store all waypoint-related data and code in the kernel.
3. Compatibility
Our waypoints work directly on binarycode, so the original code may be generated
from different high-level languages or with different compilers.
A natural granularity for control ow monitoring is at the function level. To trace
function call ow, we set up waypoints at function entrance and exit. We generate way-
points and their associated permissions on a per-function basis through static analysis.
At run time, we can construct a push-downautomata of the waypoints that parallels
the execution stack of the process. An entrance waypoint disables the permissions of
the previous waypoint, pushes the entrance waypoint on top of the waypoint stack, and
enables its permissions. A corresponding exit waypoint discards the top value on the
waypoint stack and restores the permissions of the previous waypoint.
It is possible that we assign different permissions to different parts of a function. In
this case, we need a middlewaypoint.A middle waypointdoes not changethe waypoint
stack. It only changes permissions for the waypoint.
We deploy waypoints only in the application code. Although we do not set way-
points in libraries, we are concerned about library function exploitation. We treat se-
curity relevant events (system requests) triggered by library functions as running in the
context of the application function that initiated the library call(s).
The waypoint stack records a function call trace. Using this context information,
ouraccess monitorcandetect attacks intwo ways: (1)ow monitoringGlobally,way-
points comprise the function call trace for the process. We can construct legal waypoint
paths for some security critical system requests (e.g. execve()), such that when such
a system call is made, the program must have passed a legal path. Similar ideas on con-
trol ow monitoring have been proposed in [5,25], therefore, we do not discuss thisapproach further in this paper. (2) permission monitoringLocally, we use static anal-
ysis to determine the set of system calls (permissions) required for each function, and
ensure system calls invoked in the context of a function appears in its permission set.
3.2 Waypoint Implementation
If a piece of code needs to perform a system request legally, then we say that the piece
of code has a permission to issue the system request. To simplify the implementation,
we use a set to describe permissions for a waypoint and store the permission sets in a
bitmap table.
We generatewaypoints and their correspondingpermissionsthroughstatic analysis.
We introduce global control ow information by dening the number of times that a
functioncanbeinvoked.Usually,anapplicationfunctiondoesnotissue system requests
directly. It calls system call wrappers in the C library instead. The application may
call the wrapper functions indirectly by calling other library functions rst. We build
a (transitive) map between system call wrappers and system call numbers. Currently,
we analyze the hierarchical functions manually. Our next step is to automate this whole
procedure.
We deploy the access monitor, together with the waypoint stack and the permission
bitmap table, in the operating system kernel, as shown in gure 1. There are two elds
in an entry of the waypoint stack, one is the location of the waypoint, the other is extra
information for access monitoring. Since we monitor application function call ow, we
use this eld to store the return address from the function. In one application function,
there is one entry waypoint and one exit waypoint, the pair of which is stored in the
bitmap table. Field entries in the bitmap table indicates how many times a waypoint
can be passed. In our current implementation, we only distinguish between one entry
and multiple entries to avoid malicious jump to prologue code and function main(),
which usually contain some dangerous system calls and should be entered only once.
At a waypoint location, there should be some mechanism to trigger the waypoint
code in the kernel. We can invoke the waypoint code at several locations: an exception
handler, an unused system call number service routine, or a new soft interrupt handler.
We insert an illegal opcode at the waypoint location and run our waypoint management
code as an exception handler.
An attackercan overwritethe returnaddress or othercodepointerto redirectcontrol
to a piece of shellcode or a library function. We protect the return address by saving it
on the waypoint stack when we pass the entrance waypoint. When a waypoint return is
executed at the exit waypoint, the return address on the regular stack is compared with
the saved value on the waypoint stack for return address corruption. The exit waypoint
identier must also match with the entrance waypoint identier, since they come in
pairs. If the attacking code uses an unpaired exit waypoint or a faked waypoint, the
comparison will fail. If the attack forces return into a different address, although the
control ow can be changed, the active permission setthe permission set belonging
to the most recently activated waypointis not changed, because the expected exit
waypoint has not passed. The attacking code will still be limited to the unchanged
permissions.… ...￿
0804c0fc <ConfigCoding>:￿
 804c0fc:       fe                      (bad)   <--entrance waypoint￿
 804c0fd:       90                      nop￿
 804c0fe:       90                      nop￿
 804c0ff:       90                      nop￿
 804c100:       55                      push   %ebp￿
 804c101:       89 e5                   mov    %esp,%ebp￿
 … …￿
 804c193:       31 c0                   xor    %eax,%eax￿
 804c195:       5f                      pop    %edi￿
 804c196:       c9                      leave￿
 804c197:       fe                      (bad)    <--exit waypoint￿
 804c198:       90                      nop￿
 804c199:       90                      nop￿
 804c19a:       90                      nop￿
 804c19b:       c3                      ret￿
… ...￿
kernel space￿
task_struct ￿ of the￿
process being￿
monitored￿
waypoint stack￿
prologue￿
main()￿
Table of permissions bitmap for application functions￿
ConfigCoding()￿ read, write, close, ...￿
main()￿ open, close, exit ...￿
prologue￿
n￿
1￿
1￿ execve, mmap, break ...￿
Entrance waypoint￿ Return address￿
Entrance wp￿ Exit wp￿
Number of￿
entries￿ permissions￿
… ...￿
ReadConfig()￿
ConfigCoding()￿
---￿ ---￿
0x8049720￿ 0x42015574￿
0x804ad78￿ 0x8049dac￿
0x804c0fc￿ 0x804aef2￿
0x80490a8￿ ---￿
0x8049720￿ 0x804978e￿
0x804c0fc￿ 0x804c197￿
… ...￿
Process table￿
Fig.1. Data structures needed for the waypoint-based access monitor: a waypoint stack
and a table of permission bitmaps. The third column of the bitmap table indicates how
many times a waypoint may be activated. The prologue code and function main() are
allowed to run only one time during the process life. Function CongCoding() can be
called unlimited times.3.3 Monitoring Granularity
In our implementation, each waypoint causes a kernel trap, and each guarded function
hasat leasttwo waypoints(anentrance/exitpair,plusoptionalmiddlewaypoints).Thus,
the performance of the system is dependent on the granularity of waypoint insertion.
Our rst implementation monitored every function, irrespective of whatever system
calls the function contained. As reported in section 4, the overhead can be substantial.
Not all system calls are equallyuseful for subvertinga system. We dene dangerous
system calls as those rated at threat level 1 in [26]. There are 22 dangeroussystem calls
inLinux:chmod, fchmod, chown, fchown, lchown, execve, mount,
rename, open, link, symlink, unlink, setuid, setresuid,
setfsuid, setreuid, setgroups, setgid, setfsgid, setresgid,
setregid, and create module. Such system calls can be used to take full control
of the system.
Table 1 and 2 show the number of functions containingdangerous system calls, and
the permissionsdistribution.Thetables showus that onlya small portionof the applica-
tionfunctionsinvokedangeroussystemcalls. Mostfunctionscallat mostonedangerous
system call, and no function calls more than three. Only three functions (two in tar
and one in kon2) in the whole table require exec. Most functions invoking three dan-
geroussystem calls containonly le system-relatedcalls such as open, symlink,and
unlink.
program # of applica-
tion functions
totally
# of functions
containing dan-
gerous system
calls
containing
3 dangerous
system calls
containing
2 dangerous
system calls
containing
1 dangerous
system calls
enscript 48 8 0 0 8
tar 165 26 3 3 20
gzip 92 6 1 3 2
kon2 111 10 1 5 4
totally 416 12% 1.2% 2.6% 8%
Table 1. number of functions invoking dangerous system calls, and the calls distribution.
Only 12% (50) of functions in our analysis use dangerous system calls, while 1.2% (5)
of them contains 3 dangeous calls.
The distribution of dangerous system calls shows that partitioning of system call
permissions should be effective. If an exploit happens within the context of one func-
tion, the attacker can use only those system calls authorized for that function, which
signicantly restricts the power of attack in gaining control of the system. Existing
code-injection attacks exploit aws in input routines, which do not, in general, have
permission to call dangerous system calls. Open, however, is used widely in applica-
tion functions (9% of application functions use it), requiring further restrictions to its
parameters.program # of functions
create module
execve
setu(/g)id
open/rename
chown(/mod)
link, sym(/un)link
enscript 48 0 0 0 8 0 0
tar 165 0 2 1 20 3 4
gzip 92 0 0 0 3 2 5
kon2 111 0 1 1 6 4 2
totally 416 0 0.7% 0.5% 9% 2.2% 2.6%
Table 2. number of functions invoking dangerous system calls. For example, 20 func-
tions in tar invokes open or rename. Only 0.7% (3) of all functions in our analysis call
execve.
Thenumbersshowthat as an alternativeofmonitoringeveryfunction,we can moni-
tor only functions containing dangerous system calls to detect subversions.In this case,
we have a default permission set that allows all other system calls, and only deploy
waypoints when switching between the general, default permissions and the strict, spe-
cic permissions associated with the function that uses dangerous system calls. This
is a conscious trade-off of capability for performance; we no longer have a full way-
point stack in the kernel that reects all function calls during program execution, but
the overhead decreases signicantly, as shown in gure 3 of section 4.
3.4 Waypoint-based Anomaly Monitoring
After generating waypoints and their permission sets for a program, we monitor the
program at run time. The procedure of the waypoint-based security monitor can be
described in the following steps:
1. Marking a process with waypoints
At the process initialization stage, we mark a process by setting a ag in its cor-
responding task struct in the process table, indicating whether the process is
being monitored or not. For a process being monitored, we set up a waypoint stack
and create a table of permission bitmaps for the waypoints. The permission sets are
generated statically.
2. Managing the waypoints at run time
Waypoints are authenticated by their linear addresses. We implement the manage-
ment procedure in an exception handler. When an exception is triggered, we rst
check whether it is a legitimate waypoint or not. A legitimate waypoint satises
three conditions: (1) the process is being monitored; (2) the location of the excep-
tion (waypoint location) can be foundin the legal waypoint list; and (3) the number
of times that the waypointis activated is less than or equal to the maximumallowed
times. If the conditions are not satised, we pass control to the regular exception
handler.After the verication, we manage the waypoint stack according to the type of the
waypoint. If it is an entrance waypoint, we push it onto the waypoint stack and ac-
tivate its permission set; if it is a middle waypoint, we only update the permissions;
and if it is an exit waypoint, we pop the corresponding entrance waypoint from the
stack and restore the previous permission set. After that, we emulate the original
instruction if necessary, adjust the program counter to the location of the next in-
struction and return from the exception handling. To simplify implementation, we
insert 4 nops at the waypoint locations and change the rst nop to a waypoint
instruction (i.e. a bad instruction in our implementation). In this way, we can avoid
emulating the original instructions, because nops perform no operations.
3. Monitoring system requests
We implemented the access monitor as an in-kernel system call interceptor in front
of the system call dispatcher. In terms of access control logic, the subject is the
application function; the object is the system call number; and the operation is the
system call request. After trapping into the kernel for a system call, the access con-
trol monitor rst veries whether the current process is being monitored or not. If
yes, the monitor fetches the active waypoint from the top of the waypoint stack and
its corresponding permission set from the permissions bitmap table. If the request
belongs to the permission set, the monitor invokes the regular system service rou-
tine; otherwise, the monitor refuses the system call request and writes the violation
information in the kernel log.
3.5 Implementation Issues
We have considered the following issues in our implementation:
1. monitoring offspring processes
We monitorthe offspringprocesses the same way as we monitorthe parentprocess.
A child process inherits the monitorag, the permission bitmap table, the waypoint
stack, and the stack pointer from the parent process. If the child is allowed to run
another program (e.g. by calling execve()), then the waypoint data structures of
the new program will replace the current ones.
2. multiple-thread support
Linuxuses light-weightprocesses to supportthreads efciently.Monitoringa light-
weight process is similar to monitoring an ordinary process, but requires a sepa-
rate waypoint stack for every thread. Our current implementation does not support
thread-based access monitoring.
3. number of passes
By restricting the number of times a waypoint can be passed during a process life
time, we can monitor some global control ow characteristics efciently. In par-
ticular, we allow the program prologue to start only one time, because it typically
invokes dangerous system calls and is logically intended to run only once. We also
allow main() to start only once per process execution.
4. non-structured control ow
Control ow does not always follow paths of function invocation. In the C/C++
languages, the goto statement performs an unconditional transfer of control toa named label, which must be in the current function. Because goto does not
cross a function boundary, it does not affect function entrance and exit waypoints.
However, it might jump across a middle waypoint, so we do not put any middle
waypoints between a goto instruction and the correspondingtarget location.
Setjmp sets a jump point for a non-local goto, using a jmp buf to store the cur-
rent execution stack environment, while longjmp changes the control ow with
the value in such a data structure. At the setjmp call, we use a waypoint to take a
snapshot of the in-kernel waypoint stack and the jmp buf, while at the longjmp
location, a waypoint ensures that the target structure matches a jmp buf in the
kernel, and replaces the current waypoint stack with the correspondingsnapshot.
5. permissions switch with a low-overhead policy
Under our low-overhead policy, we only monitor functions that invoke dangerous
system calls. These functions may call one another, or call a function with only
default permissions, or vice versa. Permissions are switched on the function call
boundary. In the forward direction, where the caller has specic, elevated permis-
sions, we use a middle waypoint to switch to the default permission set before
calling, and switch the permissions back after returning. If the callee has specic,
elevated permissions, regular entrance and exit waypoints will activate them.
6. the raw system interface
To control the target system, an attacker may use the raw system interface (e.g.
/dev/memand/dev/hda).Thisisananomalytomostapplications.Ourwaypoint-
based defense will restrict the opportunities for the attacker to call open, but fur-
ther defenses, e.g. parameter checking, are necessary for complete defense. Our
current implementation does not employ parameter checking. See [5,2527] for
further information on parameter monitoring.
3.6 Evasion Attacks and Defenses
Because the waypoint structures and code are located in the kernel, attackers cannot
manipulate them directly. However, an adaptive attack may create an illegal instruction
in the data sections as a fake waypoint or jump to the middle of a legitimate instruction
(in an X86 system) to trigger the waypoint activation mechanism. As we explained in
section 3.2, our waypoint management code can recognize the fake waypoints because
all the legitimate waypoints are loaded into the kernel at load time. If an attack inten-
tionally jumps over a waypoint, although it can change the control ow, the waypoint
stack is not updated neither is the permission set.
Our waypoint mechanism was originally designed to counter attacks of category 1
(shellcode based attacks) and category 2 (LCT attacks) described in section 2, because
these attacks bypass waypoints and therefore fail to acquire the associated permissions.
Evasion attacks may use the category 3 attack (function granularity attacks), if these
functionsinvokethe exact system calls andin the correctorder,requiredby the attacker.
Forsuch programs,thelow-overheadpolicymay notsupplysufcienttrace information
to supportfunctioncall ow monitoring,so full monitoringon functioncall path should
be done.
If an attack launches a local mimicry attack, using one or a sequence of legitimate
system calls of the current context, our mechanism cannot detect it. This is the generalcase of abuse of the raw system interface mentioned above, and in similar fashion,
we must employ complementary techniques. In our implementation, we adopt system
interface randomization [2,28] to counteract shellcode-based local mimicry attacks.
Existing implementations of system call number randomization [2] uses a permu-
tation of the system call numbers. A simple permutation of the relatively small space
(less than 256 system calls) allows attackers to guess the renumbering for a particular
system call in 128 tries on average, or 255 guesses in the worst case.
To survive this brute force attack, we use a substitution cipher to map from 8-bit
system call numbers to 32-bit numbers, thereby making a brute-forceattack on the sys-
tem impractical. In Linux, a system call number
￿ is an unsigned 8-bit integer between
0 and 255, and is carried to the kernel in register %eax, a 32-bit register, of which 24
bits are unused. In our implementation, we make use of the whole register to carry the
32-bit system call number.We generate a one-to-onemappingbetween the 8-bit system
call numbers and their corresponding 32-bit secrets. The access monitor restores the
original number correspondingly upon a system call.
3.7 An Example
To demonstrate the effectiveness of our waypoint mechanism, we attacked a real ap-
plication program in Linux, using both shellcode and return-into-lib(c) attacks. We
chose kon2 version 0.3.9b as the target. kon2 is a Kanji emulator for the console.
It is a setuid root application program. In version 0.3.9b, there is a buffer overow vul-
nerability in function ConfigCoding() when using the -Coding command line
parameter. This vulnerability, if appropriately exploited, can lead to local users being
able to gain root privileges [29]. Part of the source code of the vulnerable function
ConfigCoding()is shown in gure 2(a), with the vulnerablestatement highlighted.
Figure 2(b) shows its original binary code, and gure 2(c) shows the binary code with
waypoints added.
To help the shellcodeattack reachour waypointmechanism,we disabledthe system
call renumbering and return address comparison features of our system during our ex-
periment. In the following attack and defense experiment, we show how the waypoint
mechanism can detect malicious system calls in both shellcode based and return-into-
lib(c) based attacks.
 Attack 1: calling a system call instruction located in the shellcode
In the attack, the return address of function ConfigCoding() is overowed. In
this experiment, the faked return address redirects to a piece of shellcode. With-
out our protection, the attacking code generated a shell. With our mechanisms de-
ployed, the malicious system request execve(``/bin/sh'') was caught and
the shell was not generated. At the location of the ret instruction, an exit way-
point is triggered, and the permissions for ConfigCoding()'s parent function
(ReadConfig()) are activated. Because execve() is not among the permis-
sions of ReadConfig(), the system request is denied. It is interesting to see that
if the return address is overwritten, the malicious request is issued in the context of
the parent function, because the malicious request is issued after the execution ofstatic int      ConfigCoding(const char *confstr)
{
    char reg[3][MAX_COLS]; <−−Fixed size buffer  MAX_COLS=256
    int n, i;
    *reg[0] = *reg[1] = *reg[2] = ’\0’;
    sscanf(confstr, "%s %s %s", reg[0], reg[1], reg[2]);
    ^^^^^^^^^^^^^^^^^^^^^^^^^^buffer overflow vulnerability here
    ... ...
    return SUCCESS;
}
(a) A buffer−overflow vulnerable function in kon2
0804c0fc <ConfigCoding>:
 804c0fd:       90                      nop
 804c0fe:       90                      nop
 804c0ff:       90                      nop
 804c100:       55                      push   %ebp
 804c101:       89 e5                   mov    %esp,%ebp
 ... ...
 804c193:       31 c0                   xor    %eax,%eax
 804c195:       5f                      pop    %edi
 804c196:       c9                      leave
 804c198:       90                      nop
 804c199:       90                      nop
 804c19a:       90                      nop
 804c19b:       c3                      ret
 804c0fc:       90                      nop
 804c197:       90                      nop 
(b) the original binary code
0804c0fc <ConfigCoding>:
 804c0fc:       fe                      (bad)   <−−entrance waypoint
 804c0fd:       90                      nop
 804c0fe:       90                      nop
 804c0ff:       90                      nop
 804c100:       55                      push   %ebp
 804c101:       89 e5                   mov    %esp,%ebp
 ... ...
 804c193:       31 c0                   xor    %eax,%eax
 804c195:       5f                      pop    %edi
 804c196:       c9                      leave
 804c198:       90                      nop
 804c199:       90                      nop
 804c19a:       90                      nop
 804c19b:       c3                      ret
(c) the binary code with waypoints added
 804c197:       fe                      (bad)   <−−exit waypoint 
Fig.2. a buffer overow vulnerable function in kon2 and its waypointsinstruction ret and the exit waypoint. If our mechanisms are fully deployed, the
exit waypoint will guarantee that the return address is not faked.
 Attack 2: A low-level control transfer attack
Recall that a low-levelcontroltransfer attack can redirect controlto legitimate code
for malicious purposes. In our experiment, we use the location of int execve
(const char *filename, char *const argv[], char *const
envp[]), a sensitive libc function, in the attacking code. Because neither
ConfigCoding() nor its caller ReadConfig() have the permission to call
system call execve(), the request is rejected by our monitor.
Note,it is difcultto detectthe return-into-lib(c)attacks. Programshepherding[25]
ensures that library functions are called at only library entrance locations, and the
library callee functions must exist in the external symbol table of the ELF format
program. In kon2, because execl() and execlp() are used at other locations,
there are corresponding entries in the external symbol table; so at any library en-
trance point, this request can pass the shepherding check. In addition, program
shepherding monitors control ow only, so it is possible for an attack to compro-
mise control ow related data (e.g. GOT), making the return-into-lib(c) attack re-
alistic. In an IDS without control ow information, because execve() is used in
the program, a mimicry attack may pass the check.
The only dangerous system call in the context of ConfigCoding() is open().
Within this context, the attacker does not have much freedom in gaining control of
the system. Launching an execve() requires a global mimicry attack that crosses
function boundaries, which is subject to both the call ow and permissions monitoring.
4 Overhead Measurement and Analysis
We measured the overhead of the waypoint-based access monitor on a system of Red-
Hat Linux 9.0 (kernel version 2.4.20-8) on a 800MHz AMD Duron PC with 256MB
memory.
The overheadof the waypoint-basedaccess monitor has two main causes: waypoint
registrationin the exceptionhandlerand runningthe access monitorat each system call.
The system call mapping is done before running, so it does not introduce any run-time
overhead. The remapping at each system call is a binary search on a 256 entry table
in our implementation. Because the remapping takes only tens of instructions, this
overhead is negligible. The access monitor at the system call invocation compares the
coming request number with the permission bitmap. These comparison operations cost
little time. Therefore, the majority of the overhead is from the additional trap for the
waypoint registration code in the exception handler, where caches and pipelines will be
ushed.
Our measurementon a micro-benchmarkprogramthat calls a monitoredfunctionin
a tight loop shows that the overheadfor one waypoint invocationis 0.395microseconds
on average. This captures the cost of exception handling, but does not reveal overhead
due to cache and pipeline ushing.
To better understand these effects on real applications, we tested a few well known
GNU applications. We did not use real time, the time between program start and end,because the overheadcan be hiddenbythe overwhelmingI/O time. Instead, we use user
time and sys time, the time that measures the process running in user mode and kernel
mode, correspondingly.These time gives us an accurate understandingof the overhead.
As shown in gure 3, when we monitor all functions, the user time increases by
about 10%20%, but the system time increases dramatically. We attribute the increase
in user time to the ushing of cache and pipelines. In the GNU programs we measured
3-5 times overhead due to our waypoint mechanism.
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Fig.3. overhead of the waypoint-based access monitor. For every group, the left side bar
shows the time of running the original program; the middle bar shows its running time
under waypoint-based access monitoring for all functions; and the right side bar shows
the result with monitoring only functions that invoke dangerous system calls.
When we monitor only dangerous functions, the overhead is smaller than for moni-
toringallfunctions.Dangerous-functionmonitoringforenscript,gzipandgunzip
introduces small overhead,but the overheadfor tar is still high. In gunzip, there are
only a few function calls for checking the zip le and for decompressing it. Because
there are only a few waypoint invocations in the entire program execution, the running
time is close to the original running time. We conclude that the overhead depends on
not only how many functions are monitored, but also how frequently these functions
are invoked.5 Related Work
There are three layers of defense in preventing attacks from subverting the system. The
rst layer of defense is to prevent the malicious data and code from being injected,
typically by avoiding and tolerating implementationerrors in the system. Existing tech-
niques include language-basedor compiler-based techniques, such as type checking [9,
3032], or protecting data pointers [33] and format strings [3]. The second layer of de-
fense is to prevent malicious code from being executed. Prevention methods include
instruction set randomization [34,35], non-executable stack and heap pages [8,10],
process image randomization [10,13], and stack integrity guarding [4,11]. The third
layer of defense attempts to prevent the executing attack code from doing further harm
though the system interface. Existing work at this stage includes anomaly detection [5,
6,12,24,25,27], process randomization [2,10,13,28,36], and instruction set random-
ization [34,35].
Realizing that lack of context information in detection leads to certain false nega-
tivespossible(e.g.,theimpossible-pathproblemandthemimicryattacks),someanomaly
monitors apply partial context informationin anomaly detection [5,24,25]. The benet
of using context information is that control path information between two system call
invocations can help detecting anomaly.
Retrieving user call stack information in system call interceptor [5] is promising in
bringing function call ow information to the anomaly monitor. We explore this ap-
proach further by providing trustworthy control ow information to the monitor. One
other difference is that while [5] emphasize the call stack signature at a system call in-
vocation,we put mucheffort onguardingwith the permissionsof applicationfunctions.
Programshepherding[25]uses an interpretorto monitorthe controlow of a process.It
enforces application code to call library functions only through certain library entrance
points, and the target library function must be one of the external functions listed in the
externalsymbol table of the applicationexecutable.Because programshepherdingdoes
notmonitorthedataow,somecontrolowinformation,suchas functionpointers,may
be overwritten. If the overwritten pointer happens to be a library entry point, and the
attack chooses a library function that is used at any other locations in the program, the
attack can pass the check. Context related permissions can help in this situation. [24]
associates a system call with its invocation address. The return-into-lib(c) attack calls
a library function, rather than a piece of shellcode. In this case, the locations do not
provide enough control path information to the detector.
6 Conclusion
In this paper, we propose a new mechanismwaypointsto provide trustworthy con-
trol ow information for anomaly monitoring. We demonstrated how to use our way-
point mechanism to detect global mimicry attacks. Our approach can also catch return-
into-othersimpossible paths by guardingthe returnaddresses. Implementingwaypoints
by kernel traps provides reliable control path information, but slows down an ordinary
program by 3-5 times. As a trade-off, by monitoring only dangerous system calls, we
can reduce the overheadby 16%-70%,but no longermonitor the complete functioncall
path.As noted in our discussion of access to the raw system interface, waypoint-based
detectioncannotndlocal mimicryattacks, becausethe functionhas the properpermis-
sions required to invoke the dangerous system calls. In our current implementation, we
associate a permission set with each waypoint, but a state machine can provide tighter
monitoring than a set. We will also investigate the use of complementary techniques,
such as parameter checking, to extend waypoints to defend against local mimicry at-
tacks.
Impossible paths may be generated at multiple granularities. Our waypoint mecha-
nism can detect only function-granularreturn-into-othersimpossible paths by guarding
return addresses.
Our waypoint mechanism cannot directly detect attacks through interpreted code.
Because we workat the binarycodelevel,ourmechanismdoesnot see theinterpreted
code. Rather, it monitors the interpreter itself, and so only sees actions taken by the
interpreter in response to directives in the interpreted code.
So far, we generate waypoints and their permissions statically, which does not sup-
port self-loading code. Our future work will be to support self-loading code by moving
waypoint set up procedure (by code instrumentation) to program load time. Additional
future work is to optimize performance.Some optimizations that we have discussed are
hoisting waypoints out of loops and mergingwaypointsfor several consecutivelycalled
functions.
Our prototype implementation of the waypoint mechanism for Linux X86 system
may be downloaded from http://www.sai.syr.edu/projects.
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